Insight into two different uniform atomic-scale microstructures of Cu-and Ti-oxides sputtered on polyethylene (PET) presenting different redox properties and a distinct bacterial inactivation dynamics. Co-sputtered (CuOx-TiO 2 -PET) consists mainly of CuO. It leads to bacterial inactivation kinetics within 20 min under very low intensity actinic light (0.5 mW/cm 2 ). The sequential sputtered (CuOx/TiO 2 -PET) consist mainly of Cu 2 O and led to bacterial inactivation within 90 min. Evidence for redox catalysis is present leading to bacterial inactivation by X-ray photoelectron spectroscopy (XPS). The Cu and Ti uniform distribution on the catalyst surface was mapped along the coating thickness by wavelength dispersive spectrometry (WDS). The inactivation time of E. coli determined by fluorescence stereomicroscopy was in agreement with the time found by agar plating. The short-lived transient intermediates on the cosputtered catalyst were followed by laser spectroscopy in the femto/picosecond region (fs-ps). By atomic force microscopy (AFM) the roughness of the co-sputtered (CuO) and sequentially sputtered samples (Cu 2 O) were found respectively as 1.63 nm and 22.92 nm. The magnitude of the roughness was correlated with the bacterial inactivation times for both types of catalysts. The differentiated mechanisms for the vectorial charge transfer on co-sputtered and sequential sputtered CuOx/TiO 2 catalysts and it is suggested as one of the factors leading to a distinct bacterial inactivation kinetics.
Introduction
The search of innovative antibacterial materials/surfaces able to inactivate bacteria/pathogens within very short times presenting high stability, adhesion and long-operational lifetime has gained in attention during the last decade due to the increase in the number of pathogenic infections leading to serious illness and death [1] [2] [3] [4] [5] . Biofilms spreading bacteria in hospitals, schools, public places are the most common and dangerous form of infection by bacteria, fungi and viruses. These pathogens are capable of living in environments under minimal life conditions developing films adhering to the surfaces. These surfaces spread bacteria continuously into the environment. Biofilm formation is at the origin of 80% of all microbial infections making biofilms a primary health concern [6] . What makes the problem even more complicated is that bacteria embedded in a biofilm can survive concentrations of antiseptic/antibiotics several times higher than the concentration required to kill planktonic cells of the same species [7] . Healthcare-facilities associated infections (HCAI's) are becoming a worldwide problem. Multidrug resistant bacteria to antibiotics are not available or are ineffective in the case of several infections leading to patient death. Prolonged antibiotic application times make pathogens resistant to its initial abatement effect [8] [9] [10] .
TiO 2 , Cu and TiO 2 /Cu work addressed bacterial inactivation by colloidal suspensions and films prepared by sol-gel methods leading to films effective in bacterial inactivation under UV-light [11] [12] [13] . More recently, Qiu et al. reported Cu/TiO 2 powdwes inducing self-cleaning of dyes besides E. coli bacterial inactivation [14] . To obtain a better film adhesion/reproducibility on the underlying support and preparation reproducibility of these antibacterial films compared to colloidal deposited films, sputtering of Cu, TiO 2 or both on glass have been reported [15] [16] [17] .
The bacterial inactivation of TiO 2 and TiO 2 /Cu-doped under solar actinic light has been the objective of the work reported by some laboratories during the last years. Recent results have reported by Pillai et al. [18] [19] [20] , Espirito-Santo et al. [21, 22] , Borkow et al. [23, 24] , Liu et al. [25] , Dionysiou et al. [26, 27] and Bahneman et al. [28] for disinfection on surfaces energized by solar irradiation. Because of its unique electronic structure, magnetic and optical properties, Cu 2 O has been used in catalysis/photocatalysis [29] and in solar energy conversion into electrical energy [30] [31] [32] . Films made-up by Cu and Cu-TiO 2 co-sputtered or sequential sputtered have been reported by our laboratory during the last few years [33] [34] [35] [36] [37] . Surface modifications of TiO 2 films incorporating Ag in the dark and under light as antibacterial agent have been widely reported by Cushnie et al. [38] and Dias [39] . The present work provides insight correlating the atomic-scale microstructure/redox properties and their effect on the bacterial inactivation kinetics. If an acceptable kinetics, stability and bacterial inactivation efficiency be attained by composite bactericide surfaces, solar light could be put to work for antibacterial purposes This study addresses Cu/TiO 2 surfaces for two reasons: a) Cu is more cytotoxic per unit weight compared to Ag. This enables extremely low amounts on the ppb-range of Cu to be used to inactivate bacteria and b) the lower cost of Cu compared to the noble silver metal. This study reports on innovative CuOx-TiO 2 sputtered on polyethylene terephthalate (PET) with a similar composition but a distinct atomic scale microstructure leading to a different E. coli bacterial inactivation kinetics. Identification of the transients by femtosecond pulses was carried out for transients induced by laser pulses 375 nm within the 380-800 nm spectral region This study presents the first evidence mapping the distribution of the Cu and Ti nanoparticles on the film surface by wavelength dispersive spectrometry (WDS). This allows the correlation of the surface microstructure and the bacterial inactivation kinetics for the two composite catalysts investigated during the course of this preventing biofilm formation.
Experimental, materials and methods

Plasma pretreatment, sputtering details and catalyst loading determination
PET fabrics were RF-plasma pretreated in the following way: The polyethylene terephthalate (PET) fabrics were pretreated in the cavity of the RF-plasma unit (Harrick Corp. 13.56 MHz, 100 W) at a pressure of ∼1 Torr. The topmost PET-layers of 2 nm (∼10 atomic layers) were RF-plasma pretreated for 15 min. This pretreatment modifies the PET surface by: a) etching the PET surface due to the residual O-radicals still present in the gas of the RF-plasma chamber at ∼1 Torr, b) introducing hydrophilic groups on the PETsurface and c) breaking the intermolecular PET H H bonds leading to a partial segmentation of PET. TiO 2 and CuOx exchanged on the PET-surface then bind the PET-oxidative sites by electrostatic attraction and chelation/complexation [40] . Pre-treated samples were subsequently sputtered from a Cu and a Ti 5 cm diameter targets (Kurt Lesker, East Sussex, UK) by direct current magnetron sputtering (DCMS) in an O 2 gas flow (5%) on the PET substrate. The residual pressure P r in the sputtering chamber was adjusted to P r 10 −4 Pa. The substrate to target distance was set at 10 cm. The polyethylene (PET) used as substrate was made up by highly branched low crystalline semi-transparent film with the formula H(CH 2 CH 2 ) n H. The (LDPE) 0.1 mm thick was obtained from Good- fellow, UK (ET3112019), had a density of 0.92 g/cm 3 , and a flowing point of 185 • C.
2.2. X-ray fluorescence (XRF), atomic force microscopy (AFM) and sample diffuse reflectance spectroscopy (DRS)
The Cu and Ti-content on the PET film was evaluated by Xray fluorescence (XRF) in a PANalytical PW2400 spectrometer. The results are presented in Table 1 . The AFM scanning head was from SMENA-A, NT-MDT, Moscow provided for with a silicon probe (NSG01, NT-MDT) and operated in an intermittent contact mode. The AFM head was also provided for with a scanning research microscope (Olympus IX71, Japan). The scan areas selected to record the sample topography were 3 × 3 microns by way of 1024 × 1024 pixels. The local height was recorded after each scan and used to build the sample topography in the x,y coordinates. Diffuse reflectance spectroscopy was carried out in a Perkin Elmer Lambda 900 UV-vis-NIR spectrometer provided for with a PELA-1000 accessory within the wavelength range of 200-800 nm and a resolution of one nm. X-ray fluorescence (XRF) of the sputtered samples was performed.
Bacterial inactivation kinetics and inductively coupled plasma mass spectrometry (ICP-MS)
The evaluation of the bacterial inactivation of E. coli was carried out by plate counting agar method. The sample of Escherichia coli (E. coli K12) was obtained from the Deutsche Sammlung von Mikro-organismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany to test the sample bacterial reduction activity. The sputtered PET-films were sterilized keeping them at 70 • C overnight. Aliquots of 50 L bacterial culture suspended in NaCl/KCl (8 g/l NaCl and 0.8 g/l KCl) solution with a concentration of 4 × 10 6 CFU mL −1 were placed on sputtered and unsputtered PET control samples. The samples were placed on Petri dishes provided with a lid to prevent evaporation. At preselected times, the samples were transferred into a sterile 2 mL Eppendorf tube containing 950-L autoclaved NaCl/KCl saline solution. These solutions were subsequently mixed thoroughly using a Vortex for 3 min. Serial dilutions were made in NaCl/KCl solution taking 100 L aliquots. Then 100 L aliquots were pipetted onto a nutrient agar plate, for the bacterial counting by the standard plate method. These agar plates were incubated, lid down, at 37 • C for 24 h before the colonies counting. Triplicate runs were carried for the bacterial CFU mL −1 determination reported in this study. To verify that no re-growth of E. coli occurs after the first bacterial reduction cycle, the nanoparticle film was incubated again on an agar Petri dish at 37 • C for 24 h.
A FinniganTM ICP-MS instrument was used was to assess the ions release after the sample washing in MQ-water and vortexed for 2 min. ICP-MS is equipped with a double focusing reverse geometry mass spectrometer with an extremely low background signal and a high ion-transmission coefficient.
Sample wavelength dispersive spectrometry (WDS)
The spatial distribution of Cu and Ti was imaged by wavelength dispersive spectrometry (WDS) using an electron probe MicroAnalyze-JEOL 8200. The instrument was operated at 25 kV with a current of 15 nA and a focused beam. The compositional mapping of an area of 1024 × 1024 pixels was carried out at 50 ms per pixel. The two films composed of Cu and Ti on a glass section were subjected to microprobe analysis in order to image the spatial distribution of these two elements. A slight decrease of the current or a slight defocusing of the beam was observed within the acquisition time. X-rays are generated randomly within the excitation volume of each sample and the number of X-ray detected (intensity) was subject to statistical fluctuation. These fluctuations follow a Gaussian distribution defining the standard deviation = N 0·5 .
Femtosecond laser spectroscopy
The Supplemental material S1 shows the set-up of the femtosecond pump laser unit and detection system [41, 43] . The output of a Ti sapphire oscillator (800 nm, 80 MHz, 80 fs, "Tsunami", "Spectra-Physics", USA) was amplified by a regenerative amplifier system ("Spitfire", "Spectra-Physics", USA) at the repetition rate of 1 KHz. The Gauss pulse was tuned at 25 fs at 545 nm. The second beam was focused onto a thin quartz cell with H 2 O to generate super-continuum probe pulses. The pulses were then attenuated, recombined, and focused onto the sample cell. The pump and probe light spots had diameters of 300 and 120 m, respectively. The pump pulse energy was attenuated to 500 nJ to optimize the light excitation. The laser pulse frequency was adjusted by way of a control amplifier SDG II Spitfire 9132 manufactured by Spectraphysics (USA). The pulse operation frequency was 50 Hz, which is sufficiently low to exclude permanent bleaching of the sample. The circulation rate in the flow cell was fast enough to avoid multiple excitations in the sample volume. The relative polarizations of pump and probe beams were adjusted to 54.7 • (magic angle) in parallel and perpendicular polarizations. The super continuum signal out of the sample was dispersed by a polychromator ("Acton SP-300") and detected by CCD camera ("Roper Scientific SPEC-10"). Transient absorption spectral changes A (t, ) were recorded within the range of 380-800 nm Control experiments were carried out for non-resonant signals of coherent spike from net PE film.
Fluorescence stereomicroscopy of the loss of bacterial viability
Fluorescence stereomicroscopy was carried out on samples inoculated with E. coli and incubated in a humidifier. A fluorchrome dye is used as staining agent received from Filmtracer TM Live/Dead Biofilm Viability Kit from Molecular Probes, Invitrogem Co. The kit contains dyes to stain differentially living and dead cells. The fluorescence of the samples was monitored in a Leica MZ16FA GmbH Wetzlar fluorescence stereomicroscope unit and the images were processed using the LAS vq.7.0 software. Adhesion of the bacteria (6 × 10 8 CFU mL −1 ) to the samples was allowed for 2 min prior to the washing of the samples to remove the non-adherent bacteria.
Sample X-ray photoelectron spectroscopy (XPS)
The X-ray photoelectron spectroscopy (XPS) of the CuOx-TiO 2 -PET films was measured using an AXIS NOVA photoelectron spectrometer (Kratos Analytical, Manchester, UK) provided for with monochromatic AlK a (h = 1486.6 eV) anode. The carbon C1 s line with position at 284.6 eV was used as a reference to correct the charging effect. The surface atomic concentration was determined from peak areas using the known sensitivity factors for each element [44, 45] . The spectrum background was subtracted according to Shirley [46] . The XPS spectral peaks were deconvoluted with a CasaXPS-Vision 2 program from Kratos Analytical UK.
Results and discussion
3.1. Surface characterization of co-sputtered and of the sequential sputtered samples .92 nm presents a high frequency of peaks at short distances between themselves. This gives raise to many points of contact with the E. coli ellipsoid 1 micron in size and the CuOx-TiO 2 -PET surface. These contact points allow the transfer from the sample to the bacteria cell envelope leading to a fast bacterial inactivation (see Fig. 6 ). The sequentially sputtered CuOx/TiO 2 -PET (1.63 nm) samples present contact points further apart from each other reducing the contact between the sample and the bacteria. This means a low number of catalytic points able to transfer charge to E. coli. The increase in roughness favoring the attachment of bacteria to several surfaces has been reported, but this observation cannot be extrapolated to surfaces directed towards the oxidation of pollutants [1, 28] .
The optical properties of the sputtered samples are shown in Fig. 2 by diffuse reflectance spectroscopy (DRS). Fig. 2, trace 1) shows the O2p electron transition to the Ti 3d-level. By indirectband transition, the conduction band electrons (cbe-) recombine with the valence band (vbh+) in trapping states positioned at (−0.1/−0.2 eV). The optical absorption of the co-sputtered CuOxTiO 2 -PET in Fig. 2 , trace 1) exhibits a long-tail absorption beyond the 400 nm, due to the 0.08%Cu/wt% in the sample (see Table 1 ). Next, Fig. 2 , trace 2) notes the stronger optical transition with a significant red shift at the absorption edge of the CuOx/TiO 2 -PET sample due to the absorption of the superimposed CuOx layers. The TiO 2 -PET absorption in Fig. 2 , trace 4) is seen <410 nm. Fig. 2, trace  3) shows the optical absorption spectrum of CuOx-PET. The optical absorption between 500 and 600 nm is due to the inter-band transition of Cu (I). The absorption between 600-720 nm is attributed to the exciton band and the Cu(II) d-d transition [40] . Due to the CuOx present in the co-sputtered/sequentially sputtered samples (Fig. 2, traces 1 and 2) , the samples present trapping sites within their respective band-gap. This allows the TiO 2 /CuOx samples to absorb visible light compared to the TiO 2 band-gap. The absorption shift to the red spectral region allows the TiO 2 /CuOx sample to absorb visible light >400 nm (see Supplemental material S2). Fig. 3a shows the wavelength dispersive spectrometry mapping the Ti and Cu in the co-sputtered (CuOx-TiO 2 -PET) sample. This sample presented a homogeneous distribution of both elements on the PET sample surface. The coating thickness was 476 ± 28 nm thick. The resulting maps for Cu and Ti on the co-sputtered and sequentially sputtered samples are presented in Figs. 3 and 4 and show the X-rays detected for Ti and Cu each 10 . Fig. 4a shows by WDS a homogenous Cu and Ti distribution on the PET-surface for the sequential sputtered CuOx/TiO 2 -PET sample with a thickness 510 ± 30 nm. This film consists of two superposed thin layers made out by a Ti layer 380-400 nm thick and a second Cu-topmost layer of 110-130 nm. Fig. 3b and c shows the Cu and Ti uniform and homogeneous distribution in the co-sputtered sample for particles with sizes <0.1 . These nanoparticles aggregate with a different orientation/density and give raise to X-Ray Ti and Cu reflections giving rise to different colors in the same Fig. (3/4) . This is shown in Figs. 3a and 4a for Ti and Cu respectively for co-sputtered and sequential sputtered samples.
Wavelength dispersive spectrometry analysis (WDS)
The intensity of the WDS signals for Cu was similar equal for both samples. This is consistent with the data reported in Table 1 , since the Cu percentage determined by X-ray fluorescence (XRF) was seen to be low but very close for both elements. The difference in intensity detected for Ti between the co-sputtered and the sequentially sputtered samples is readily understood since in the sequentially sputtered samples, Ti constitutes the underlayers of the film. As the generation of Ti characteristic X-rays, the co-sputtered sample will generate a larger amount of Ti X-rays compared to the sequential sputtered samples. The X-ray maps for Cu in the sequential and co-sputtered samples show a slight decrease of the Cu X-ray intensity toward the right side of the mapped areas in Figs. 3a and 4a . The excitation volume generated at 25 kV within the sample is larger than the thickness of the film. This leads to a slight variation in the film thickness, surface roughness and X-ray generation.
For the co-sputtered and sequential sputtered samples, the number of X-ray (N) of Cu detected by second is ca.1995 with a standard deviation = 44,5 and 1940 with = 44 respectively. Con- sidering a standard deviation at 2, the probability that a new single measurement of Cu will lie within 1995 ± 89 counts for the co-sputtered sample and 1940 ± 88 counts for the sequentially sputtered sample is 95% a limit values for homogeneity. In both samples, even if the intensity of Cu shows a slight decrease, the mean values remain within the uncertainties domain. The spatial distribution of Cu in these samples can be considered as homogeneous.
Femtosecond spectroscopy of co-sputtered transients
For the study of solid-phase redox reactions, the electron mobility, the electronic relaxation times, transient absorption intensity (T-A) and excided states relaxation times in the fs to the ms range, has been a way to clarify the charge transfer to the acceptor states in the short time scale [47, 48] . Femtosecond pump-probe spectroscopy has been used in this study since it is a powerful technology to follow ultrafast processes [49] . Short tine laser spectroscopy has been used to monitor the transients/electron injection dynamics in solid surfaces in a similar way as it has been carried out in this study [50, 51] . Bleaching and e-/h+ recombination rates have been reported for by fast kinetics for allowed charge-transfer in hetero-junctions and sensitized processes in semiconductors [52, 53] .
Excitation by 375 nm can produce e−/h+ pairs in TiO 2 and CuOx in parallel with the formation of CuOx excitons. Femtosecond transient spectra shows in Fig. 5a predominantly the signal for CuOx. Signals for TiO 2 in the spectral region 400-750 nm were mainly due to absorption of the cbe-. A strong negative absorbance was detected in the 400-450 nm in Fig. 5a due to: a) the bleaching (BL) due to the depletion of the ground state cbe− (g.s), b) the bleaching BL-bands due to the Kerr shift of the absorption band-edge [42] and c) the CuOx stimulated emission (SE) originating from light induced CuOx excitons generated when a photon hits the CuOx- TiO 2 -PET surface producing a bound electron. This exciton travels in a particle-like fashion through the sample lattice without net transfer of charge. The negative absorption observed in Fig. 5a above 620 nm was due to CuOx excitons. Disappearance of the SE 400-450 nm correlates in Fig. 5a with the SE signals >620 nm. At time delays <300 fs, the coherent wave-packets give rise to the oscillations observed in the transients beyond 620 nm in Fig. 5a .
Upon photo-excitation at 375 nm, Fig. 5b shows the decay of different species at different wavelength in the visible range. Fig. 5b shows that the femtosecond laser pulse does not generate a welldefined single transient that could be fitted by a single exponential. Neither a double exponential (Kohlrausch's stretched exponential fitting) could fit the transients induced by the femtosecond pulse [43] . The decay of a species at 710 nm proves the presence of excited states in the red spectral region. This is important in relation to the absorption of the light from the actinic light source with an emission up to 720 nm. Fig. 5c shows that the 375 nm femtosecond laser pulse induce three main transient species. The assignment of the transient kinetic species K1, K2 and K3 is shown in the right hand side in Fig. 5c . The unambiguous assignment of the species associated with each the decay is not possible with the available spectroscopic information. Fig. 5c shows that transients exist in the fs time scale <500 fs, in the ps time scale 0.5-10 ps and in the time scale 10-500 ps.
Bacterial inactivation kinetics in the dark and under light irradiation determination of the ions eluted within the bacterial inactivation runs
The fast bacterial inactivation within 20 min for E. coli is readily seen in Fig. 6, trace 1) for the co-sputtered CuOx-TiO 2 -PET. Fig. 6 , trace 2) shows that a sample sputtered for 2 min did not have enough Cu to induce a rapid kinetics as it was the case for the 3 min sputtered sample shown in Fig. 6, trace 1trace 1) . Samples shown by traces 3) and 4) sputtered for 5 and 10 min respectively, induced a slower bacterial inactivation kinetics due to: a) the agglomeration Fig. 5 . a. Transient spectra of the sample measured at the magic angle of 54.7 • between the polarization of pump and probe pulses (under the condition that the rotation of the polarization does not emit signals in the transient absorption region). Pulse at 375 nm, pulse energy 300 nJ, pulse duration 50 fs. Time delays: 1) 300 fs, 2) 500 fs, 3) 1.1 ps, 4) 1.9 p, 5) 9 ps, 6) 270 ps, 7) 500 ps. b. Transient kinetics of the co-sputtered CuOx-TiO2-PET (3 min) sample registering for the decay of different species photo-excited by a 375 nm femtosecond pulse (as in Fig. 6a) showing the decay of transients at wavelengths: 1) 410 nm, 2) 440 nm, 3) 550 nm and 4) 710 nm. c. S1, S2 and S3: traces for the main transient species induced by the 375 nm femtosecond pulse as a function of the wavelength. K1, K2 and K3 show the decay of the transient species shown in S1, S2 and S3. of Cu in bigger particles with less catalytic sites/unit mass, b) the longer path the Cu-ions have to cross on larger Cu-particles/films before reaching the E. coli LPS-envelope and c) the slower diffusion of the Cu-charges occurring on thicker Cu-layers [54] . The E. coli K-12 is 1 in size (see pertinent information in the experimental section) [55] allowing for contact sites between the Cu and Ti nanoparticles and the bacteria. These contact points direct the electron/hole injection generated in the CuOx-TiO 2 -PET in contact with the E. coli 7-8 nm thick lipopolysaccharide (LPS) double-layer and the 2-3 nm thick peptidoglycan layer.
The slower bacterial inactivation induced by the sequential CuOx/TiO 2 -PET is shown in Fig. 6 , trace 5. This shows that the microstructure of Cu and Ti play a significant role in the bacterial inactivation kinetics. Cu-sputtered samples by themselves inactivate bacteria under light irradiation within 90 min (Fig. 6, trace  6 ). This time is five times longer compared to the inactivation time required by the CuOx-TiO 2 -PET samples (Fig. 6, trace 1) . This shows the synergy occurring between TiO 2 and Cu. Fig. 6, trace 7) reports the co-sputtered sample inducing bacterial inactivation in the dark. Samples are therefore in bacterial inactivation without the need of photo-activation. TiO 2 -PET samples shown in Fig. 6 , trace 8) reduced only marginally the bacteria. This shows again the drastic effect of Cu-decoration accelerating the bacterial inactivation even at Cu-levels of 0.08% (Table 1) . Last, trace 9) shows the control run using PET under actinic light. No bacterial inactivation was found. Cu-ions reveal efficient antimicrobial activity degrading membrane/LPS layers [1, 14, 17, 18, 23, 56] . Espirito-Santo [21, 22] and Lemire et al. [57] have recently reported bacterial inactivation on Cu surfaces. Results presented in Fig. 6, traces 3 ) and 4) show that higher loadings of Cu did not lead to a faster bacterial inactivation kinetics due to their higher Cu-content, but that the bacterial inactivation was essentially due to Cu-ions. Some recent reports have addressed bacterial inactivation mediated by TiO 2 doped by N and S under light [58, 59] . The faster bacterial inactivation kinetics induced by the co-sputtered CuOx-TiO 2 -PET samples compared to N, S-doped TiO 2 is partly due to the effective binding of CuOx/TiO 2 with E. coli. The Cu(II)-species has been shown to be more susceptible to coordinate with proteins than N and S [1, 2, [18] [19] [20] . The bacterial inactivation by CuOx-TiO 2 -PET within 20 min may preclude partially or completely the adhesion, aggregation and consequent spread of bacteria due to the biofilm formation. This is a crucial point important in the prevention of biofilm induced bacterial infection. The release of Ti and Cu was monitored by inductive coupled plasma mass spectrometry (IPC-MS) and the results are presented in Table 2 . Table 1 indicates an initial value for Ti 0.11%TiO 2 by weight on PE for the co-sputtered sample. This is a Ti-content equivalent to 1.1 10 5 g Ti on a surface 2 × 2 cm PET. After the first bacterial inactivation cycle, the sample was digested with nitric acid 69% (1:1 HNO 3 + H 2 O) to remove the organics in the solution and to insure that there were no adhered ions remaining on the flask wall. The samples droplets were introduced to the ICP-MS trough a peristaltic pump to the nebulizer. This allows the complete sample evaporation. The Ti and Cu found in the nebulizer droplets were subsequently quantified by mass spectrometry (MS). Table 2 reports a value of 9 ppb (or a concentration 9 micrograms) for the Ti. Dividing this value by the initial Ti-loading, the per cent loss can be estimated at <0.01%. In a similar way a value for the per cent loss of Cu can estimated of <0.01%. Very low ppb amounts of Ti and Cu were detected up to the 5 th recycling. The Cu-release reported in Table 2 will not adversely affect the stable performance of the cosputtered sample during long-term operation [60, 61] . The amounts of Cu-ions in the ppb range by the co-sputtered and sequential sputtered Cu-samples reported in Table 2 are below the cytotoxic levels allowed for mammalian cells of 2-3 mg set by the World Health Organization (WHO) [62, 63] .
Fluorescence stereomicroscopy monitoring of the bacterial inactivation
Contrast phase and fluorescence microscopy analysis have been carried out to monitor the effect of the co-sputtered CuOx-TiO 2 -PET on E. coli. Fig. 7a reports the fluorescence microscopy of the E. coli biofilm at time zero showing the green color of the cells preserving their initial celli wall integrity. The red color of the damaged cells appears instantly when the E. coli biofilm was contacted with the CuOx-TiO 2 -PET sample. The density of the red dots due to the fluorchrome dye staining the bacteria DNA increased progressively at 10 and 20 min as shown in Fig. 7b . The last image taken at 20 min shows only red cells due to complete E. coli inactivation.
X-Ray photoelectron spectroscopy (XPS) and evidence for redox catalysis
The surface atomic concentration percentages for the cosputtered and sequential sputtered catalysts are shown in Table 3 . In both samples the amount of C increases after bacterial inactivation due to the deposition of the C-residues product of the bacterial decomposition. The O-surface enrichment is seen to decrease in the co-sputtered sample probably due to the increase in the C-content superimposing itself on the Ti, Cu-oxide layers after bacterial inactivation. The N-and Cu-contents is seen to remain fairly constant with time. N-comes from the bacterial inactivation and is rapidly destroyed on the sample surface. The Ti in the sequential sputtered sample increases after bacterial inactivation due to the C-residues collected on the sample surface within 90 min. Fig. 8a and b shows the XPS spectra of the co-sputtered CuOxTiO 2 -PET and of the sequential sputtered CuOx/TiO 2 -PET samples before and after bacterial inactivation. Fig. 8a show two Cu2pXPS peaks at 934.2 eV and 952.3 eV peaks attributed to Cu(II) before bacterial inactivation [44] [45] [46] . The symmetry of these peaks was not high due to the concomitant presence of small amounts Cu 0 and Cu(I) [57] . It is apparent that Cu(II) exists on the surface of the surface of the CuOx-TiO 2 -PET sample coexisting with Cu(I) and Cu 00 . After the 20 min disinfection (see Fig. 1 ) a small shift of these peaks to 934.7 eV and 953.9 eV was observed due to redox reactions on the sample surface interacting with bacteria. Fig. 8b shows the peaks for the sequentially sputtered sample with Cu2p peaks at 932.5 eV and 952.3 eV before the disinfection period. These peaks shift to 934.2 eV and 954.3 eV after disinfection due to redox reactions of the Cu with bacteria. The two Cu2pXPS peaks at 932.5 eV and 952.3 eV are attributed to the Cu (I) doublet Cu2p3/2 and 2Cu2p1/2 respectively [44, 45] . The XPS results suggest the reactions
The pattern of the Cu and Ti sputtered on PET is complicated by the surface diffusion controlling the mass transport of Cu (II)/Cu (I) and Ti on PET [58, 59] . Fig. 9a present the etching on the co-sputtered sample applying 5 KeV Ar + -ions. The etching of the Cu2pXPS doublet (934.2 eV and 952.3 eV) shows that the peaks of Cu(II) remain fairly constant up to 50 layers (10 nm). Next, Fig. 9b shows the Ti-peaks (Ti2p XPS doublet) within the first 0.6 nm from the topmost surface decreasing afterwards and remaining constant up to ∼56 nm. The topmost layers of Cu and TiO 2 shown in Fig. 8a comprise multi-body catalysis intervening in the bacterial inactivation shown in Fig. 6 and this system could be more accurately discussed in the framework of the density functional theory [64] . Table 4 shows the changes in oxidation states for the sequentially sputtered and co-sputtered samples. The initial composition seen for the sequentially sputtered sample was Cu 2 O (65.3%) decreasing to 24.7% after bacterial inactivation. For the cosputtered samples (see right hand side of Table 4 ) CuO was determined at time zero (87%). This value decreased slightly to CuO (75.4%) due to reduction to Cu 2 O occurring during bacterial inactivation. Different oxidation states of Cu/CuO lead to different bacterial inactivation kinetics (see Fig. 6 ). The XPS changes and bacterial inactivation kinetics induced by the co-sputtered and sequentially sputtered samples will be used to suggest a differentiated bacterial inactivation mechanism for both samples in the section below. 3.7. Mechanism suggested for the vectorial charge transfer on co-sputtered and sequentially sputtered samples
Recently interfacial charge transfer (IFCT) was reported under solar light (UV-vis) for a sputtered CuOx/TiO 2 catalyst [34, 35] . By XPS the CuO was identified as being the main species on the cosputtered catalyst (CuOx-TiO 2 -PET). The IFCT rate is determined by the position of the relative potential energy levels (but not only) of the TiO 2 and CuO-bands. The distinct bacterial inactivation times induced by the two samples are a function of the conduction band (cb) and valence band (vb) positions of CuO and Cu 2 O. The vectorial charge-transfer for both samples is shown in Fig. 10a/b . The CuO presents a band-gap (of 1.7 eV), cb (−0.3 eV) and vb (+1.7 eV), while direct band-gap of Cu 2 O (p-type) presents a band-gap of (2.1 eV), cb (−1.4 eV) and vb (+0.6 eV) [31] [32] [33] .
The higher efficiency by the co-sputtered (CuOx-TiO 2 -PET) containing mainly CuO can be rationalized by the effect of the TiO 2 suppressing the recombination of the photo-generated cb(e−)/vbh(+) in the CuO-TiO 2 . Cu 2 O absent in the XPSspectrogram reported in Fig. 8a . In air atmosphere Cu 2 O gets covered by layers of CuO [65] . The co-sputtered catalyst in Fig. 10a shows hat the electron injection from CuO to TiO 2 is thermodynamically feasible. The electrons generated by the TiO 2 will be trapped by Cu 2+ , and reduce the Cu 2+ to Cu + (Cu 2 O). Subsequently, Cu-oxide reacts with O 2 (air) leading to the formation of CuO as shown Eq. 
In the sequential sputtered catalyst, the high absorption coefficient of Cu 2 O and the low diffusion length of the minority carrier was reported to lead to a low photo-efficiency in the Cu 2 O (p-type) semiconductor [66, 67] . Since the photocatalytic mechanism of TiO 2 has been widely reviewed [1, 18, 28] , we suggest hereby the mechanistic steps for the co-sputtered catalyst in agreement with reference [68] (Fig. 10a) :
CuO + h → CuO(cbe−) + CuO(vbh+) Under photon energies exceeding the CuO band-gap, the cbeelectron react directly with the O 2 forming O 2 − Eq. (3) or reduce the Cu 2+ to Cu + as noted in Eqs. (9)- (11):
CuO(cbe-) → CuO(Cu + )
CuO(Cu 
Conclusions
This work presents the first quantitative evidence for the effect of different atomic-scale microstructure of Cu-Ti composite catalysts on the bacterial inactivation kinetics. The roughness, optical absorption, nanoparticle distribution, coating thickness and the atomic percentage concentration were identified for the co-sputtered and sequential sputtered catalysts. The catalysts investigated presented an almost equal low Cu and Ti atomic per cent loading on the polyethylene (PET) substrate. In the cosputtered and sequential sputtered catalysts, the presence of CuOx induced a red shift with respect to the UV-vis absorption of TiO 2 allowing the absorption of visible/solar light radiation. The superior activity of the co-sputtered CuOx-TiO 2 -PET catalyst seems to be based on the high loading of CuO compared to the sequential sputtered CuOx/TiO 2 -PET. The later composite was observed to be richer in Cu 2 O. The mechanism of charge transfer mechanism (IFCT) was suggested for both catalyst samples. Femtosecond spectroscopy was used to follow the transient absorption and electron injection by light excitation. At least three transients were detected by the classical pump-probe approach in the fs-ps domain.
